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Introduction
　The increase in the energy demand has driven the need to consider 
biofuels as an alternate to fossil fuels （Singla et al. 2012）. Great 
attention has been paid to anaerobic digestion of animal wastes and 
plant residues, because it produces renewable energy in an 
environmental friendly manner in many countries, including Japan, 
India, China and European countries （Alburquerque et al. 2011）. There 
are more than 42 millions biogas plants in China and about 4.4 millions 
in India （GACC 2012）. The largest waste biomass for biogas 
production in Japan is livestock waste, which is generated 
approximately 89x106 tons annually （Singla and Inubushi 2013a）. The 
increase in biofuels production has simultaneously increased byproducts 
formation （Alotaibi and Schoenau 2011; Singla and Inubushi 2013b; 
Singla et al. 2013）. Digested slurry is left after biogas production. This 
slurry is somewhat similar to other organic amendments since it 
contains essential plant nutrients （Sasada et al. 2011）. Some studies 
have investigated the effect of such traditional amendments on nutrient 
availability （Schoenau and Davis 2006） and soil enzymatic activity 
（Fernandez et al. 2009）. It can recycle the macro elements like N, P 
and K in a recalcitrant form. The use of these as soil amendments might 
reduce the use of chemical fertilizers （Mishra et al. 2009）.
　Apart from water vapours, carbon dioxide （CO2）, methane （CH4） 
and nitrous oxide （N2O） are important greenhouse gases contributing 
60, 20 and 6 % towards global warming, respectively （IPCC 2007）. 
On a molar basis, CH4 and N2O has 25 and 298 times higher global 
warming potential than carbon dioxide, respectively （IPCC 2007）. The 
global temperatures have increased 0.8 ℃ over the past century and are 
predicted to increase another 1.1 to 6.4 ℃ over the next century （Peters 
et al. 2013）. The concentrations of CO2, CH4 and N2O in the 
atmosphere has increased from pre-industrial levels of 280 ppm, 715 
ppb and 270 ppb to about 379 ppm, 1,774 ppb and 319 ppb, 
respectively, in 2005 （IPCC 2007）. Ravishankara et al. （2009） 
reported that N2O can also lead to the depletion of the stratospheric 
ozone layer. Therefore, formulations of appropriate strategies for 
mitigation of these gases are required. 
　The conversion of biogas digested slurry to biochar and digested 
liquid （DL） is a kind of new phenomenon. Only few reports are 
available which studied the effect of biogas digested slurry based 
biochar （Singla and Inubushi 2013a; b） or DL （Watanabe et al. 2012; 
Singla et al. 2013）. In our previous studies, it has been observed that 
the addition of biochar in paddy vegetated soil （Singla and Inubushi 
2013b） or under waterlogged incubation （Singla and Inubushi 2013a） 
could enhance CH4 emission. Previous reports on biochar from other 
sources also demonstrated that its application in soil can enhance CH4 
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emission （Knoblauch et al. 2011; Zhang et al. 2012a） which indicates 
that the application of biochar can increase CH4 emission irrespective 
of raw source for biochar preparation. The use of biochar as the soil 
amendment may also enhance the soil enzymatic activities and crop 
productivity compared to chemical fertilizers （Bailey et al. 2010; 
Zhang et al. 2012a; Singla and Inubushi 2013b）. DL has also been 
found to increase vegetable crop yield by emitting equal cumulative 
N2O compared to chemical fertilizer （Singla et al. 2013）. Biochar 
addition to soils may decrease N2O emission （Yanai et al. 2007; Zhang 
et al. 2012a; Singla and Inubushi 2013b; Saarnio et al. 2013） or 
increase N2O emission （Yanai et al. 2007; Bruun et al. 2011; Saarnio et 
al. 2013） depending on biochar types and soil conditions. It is observed 
that CH4 is the major contributor under waterlogged conditions （Zhang 
et al. 2012a, Singla and Inubushi 2013a, b）; while N2O and CO2 are 
under aerobic conditions （Kong et al. 2013）. Considering all these 
points, a laboratory aerobic incubation experiment was conducted to 
determine the gases production potential for N2O, CO2 and CH4 under 
the influence of two concentrations of biogas digested slurry based 
biochar and DL.
Materials and methods
Soil incubation set up
　The soil was collected from Kujukuri, Chiba, Japan （Sand-dune 
Regosol, Entisol, soil texture: sand 97.3 %, silt 2.7 %, clay <0.01 %） 
（Singla et al. 2013）. The soil had following characteristics: pH （H2O） 5.54, 
electrical conductivity （EC） 21.4 mS/m, total carbon （TC） 0.85 %, total 
nitrogen （TN） 0.13 % （Singla and Inubushi 2013a）. It was provided 2 mm 
sieving to ensure free from plant debris. Both kinds of byproducts were 
obtained from Yamada Biomass Plant, Chiba, Japan. Both byproducts 
were prepared after solid and liquid separation of digested slurry （Singla 
and Inubushi 2013a）. For biochar preparation, partial carbonization of the 
solid portion was done around 330 ℃ and it was followed by an output 
process temperature around 370 ℃. For DL preparation, distillation of the 
separated liquid was done under reduced pressure to remove excess of 
water. DL was stored at 4 ℃ until the application. The chemical properties 
of biochar and DL are given in Table 1.
　DL was applied as N source on the basis of ammonium nitrogen 
（NH4
+-N）. Biochar is a good source of C and P （Table 1）. However, 
in the present study as similar to our previous report （Singla and 
Inubushi 2013a）, it was used as P source so that it can fulfil the 
requirement of both C and P if used as the soil amendment. Two 
concentrations （100 and 200 µg either NH4
+-N or P2O5/g dry soil）of 
each byproduct were applied to the soil （Singla and Inubushi 2013a）. 
Prior to the incubation, the water holding capacity of the soil was 
adjusted to 60 %, and then 25 g of the soil was taken in 100 ml glass 
bottle. All the bottles were incubated at 25 ℃ in three replicates. Bottles 
containing only soil were also incubated as the control.
Gases sampling and measurement
　Head space gases were taken directly from sealed bottles once a 
week, and measured for CO2, CH4 and N2O using gas chromatographs 
（GC） （Shimadzu GC 14B, Kyoto, Japan） equipped with thermal 
conductivity detector （TCD）, flame ionization detector （FID） and 
electron capture detector （ECD）, respectively （Singla and Inubushi 
2013a）. For TCD, column temperature was kept at 40 ℃ and the 
injector and detector at 50 ℃. Helium was provided as carrier gas. For 
FID and ECD, all the three temperatures were followed as 60, 100 and 
100 ℃ for FID and 70, 120 and 280 ℃ for ECD. Nitrogen was used as 
carrier gas and hydrogen was used as ﬂame gas for FID; while 5 % 
methane in argon was provided as carrier gas in ECD. Porapak Q 
column （80-100 mesh） was used in TCD and ECD; while it was 
Porapak R （80-100 mesh） in FID. In order to reduce the impact of air 
circulation on the micro-environmental conditions in the bottle, and 
also to determine the maximum capacity of each gas production 
potential, the bottle was sealed during the whole week. After each 
weekly measurement, each bottle was reopened for 1 h to freshen air 
within the bottle （Kong et al. 2013）. Cumulative production potential 
for each gas was calculated as the sum of produced N2O, CO2 and CH4 
in each week. Global warming potential （GWP） of N2O and CH4 was 
calculated to CO2 equivalent by multiplying the cumulative production 
over 63 days of incubation to 298 and 25 times, respectively. Total 
GWP during 63 days of incubation was calculated by summing up the 
GWP produced by each gas.
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Table 1　Chemical properties of biochar and digested liquid
Byproduct
pH 
（H2O）
EC 
（mS/m）
Total
C
Total
N
K2O NH4
+-N  P2O5 NO3
--N
（mg/g or ml） （µg/g or ml）
Biochar 8.81 386 317.2 34 21.72 19.9 64,000 2.2
DL 6.16 11,240 17.6 12 188.9 11,469 1.10 0.58 
DL: digested liquid. The constituents of DL are on wet weight basis. The water content in DL is 0.84ml/ml.
Statistical analyses
　Statistical analysis was performed in order to determine the effect of 
treatments on observed parameters. Significance of treatments was 
tested by One-way Analysis of Variance （ANOVA）, and Tukeyʼs 
multiple range test was applied to compare differences among treatments 
means at a probality level of P<0.05. All the statistical analyses were 
completed using SPSS Statistics 20 （IBM, New York, USA）.
Results
N2O production
　In the control and each treated soil, the most of N2O was produced 
during first week of incubation （Fig. 1）. It was the highest in DL 
treated soils and the lowest in the control. The production of N2O was 
more in DL 200 compared to DL 100 throughout the entire experiment 
（Fig. 1）. Biochar 200 also produced more N2O than biochar 100 
treated soil. During the 14 and 21 days of incubation, biochar treated 
soils produced more N2O compared to other soils, and it increased with 
increase in biochar concentration. More than 80 % N2O was produced 
in the ﬁrst week of incubation for the control and biochar treated soils; 
while it was more than 90 % for DL treated soils （Fig. 1）. It decreased 
with incubation time and became negligible with incubation period for 
each soil. The cumulative production over 63 days of incubation was 
significantly highest in DL 200 treated soil, and the lowest in the 
control and biochar 100 treated soils （Table 2）. DL 100 treated soils 
was comparable with biochar 200 and DL 200 treated soil; while 
biochar 200 treated soil was signiﬁcantly lower than DL 200 treated 
soil （Table 2）. The contribution of N2O towards global warming was 
around 15 % for the control and biochar 100 treated soils; while it was 
almost 20 % for biochar 200 treated soils （Table 3）. It was more than 
30 % for each concentration of DL treated soil. 
CO2 production
　As similar with N2O production, ﬁrst major peak for CO2 was also 
observed at the ﬁrst week of incubation for each treated soil （Fig. 2）. 
Unlike N2O production, it followed almost similar trend for various 
treated soils. Biochar treated soils produced more CO2 compared to 
untreated soils throughout the entire experiment, and the production 
increased with increase in biochar concentration （Fig. 2）. Unlike N2O, 
CO2 production during the ﬁrst week of incubation was almost 40 % 
Fig.1　 N2O production potential pattern of various treated soil 
incubated under aerobic condition.
Table 2　Cumulative gases production and Global Warming Potential （GWP） of various treated soil in 63 days of aerobic incubation
Treatments N2O CO2 CH4
Total GWP （µg）
（N2O+ CO2+ CH4）
Cumulative 
production
（ng/g ds）
GWP 
（CO2 equivalent） 
（µg）
Cumulative 
production/GWP 
（µg/g ds）/（µg）
Cumulative 
production
（ng/g ds）
GWP 
（CO2 equivalent） 
（µg）
Control 212 ± 21 c  63 ±  6 c 360 ± 19 c 63 ± 1 a 1.6 ± 0.01 a 425 ± 20 d
Biochar 100 257 ± 42 c  77 ± 13 c 414 ± 21 b 62 ± 5 a 1.6 ± 0.12 a 492 ± 20 c
Biochar 200 413 ± 55 b 123 ± 17 b 487 ± 18 a 60 ± 3 a 1.5 ± 0.06 a 612 ± 32 a
DL 100  574 ± 72 ab  171 ± 21 ab 343 ± 16 c 60 ± 2 a 1.5 ± 0.06 a  515 ± 20 bc
DL 200 692 ± 18 a 206 ±  5 a 359 ±  9 c 60 ± 4 a 1.5 ± 0.10 a  567 ±  8 ab
DL: digested liquid
ds: dry soil 
Different letters in each column denote signiﬁcant differences （p<0.05, n=3） according to a Tukeyʼs HSD test.
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Table 3　 Percent （%） contribution of N2O and 
CO2 towards global warming in each 
soil under 63 days of aerobic incubation 
Treatments N2O （%） CO2 （%）
Control 14.8 84.7
Biochar 100 15.6 84.1
Biochar 200 20.0 80.0
DL 100 33.2 66.6
DL 200 36.3 63.3
DL: digested liquid
Different letters in each column denote significant 
differences （p<0.05, n=3） according to a Tukeyʼs HSD test.
irrespective of treatments （Fig. 2）. The production pattern was not 
signiﬁcantly different for the control and either treated soils of DL. It 
also decreased with incubation time for each treated soil （Fig. 2）. It 
was significantly highest in biochar 200 treated soils followed by 
biochar 100 treated soils. The control and DL treated soils were 
signiﬁcantly lower than biochar treated soils, and were not signiﬁcantly 
different with each other （Table 2）. The most major contribution 
towards global warming was due to CO2 production in each soil. It was 
more than 80 % for the control and biochar treated soils; while it was 
more than 60 % for DL treated soils （Table 3）. 
CH4 production and total GWP
　The production pattern for CH4 followed the different trend than 
N2O and CO2 production （Fig. 3）. In each soil, it increased up to 28 
days and then started decreasing with incubation time. As expected, the 
cumulative production as well as GWP for CH4 in each soil was 
negligible compared to N2O and CO2 production （Table 2）. Moreover, 
it was not significantly different for either soil （Table 2）. The total 
GWP from the sum of all 3 gases was signiﬁcantly highest in biochar 
200 treated soil, and the lowest in the control （Table 2）. DL 200 treated 
soil was comparable to DL 100 and biochar 200 treated soil; while DL 
100 treated soil was signiﬁcantly lower than biochar 200 treated soil. 
DL 100 treated soil was also comparable to biochar 100 treated soil; 
while biochar 100 treated soil was signiﬁcantly lower than biochar 200 
or DL 200 treated soil but it was signiﬁcantly higher than the control 
（Table 2）.
Discussion
N2O production
　The production of  N2O in the soil is mainly affected by the 
microbial processes of nitriﬁcation and denitriﬁcation under the control 
of many factors, including mineral N and available C contents, O2 
partial pressure, soil moisture, pH and temperature etc. （Inubushi et al. 
1996; Hayakawa et al. 2009）. There are reports of increase in N2O 
emission just after the application of N fertilizers because the 
nitrification process is active after NH4
+-N application to the 
agricultural soils （Amkha et al. 2009; Singla et al. 2013）. A recent 
study by Kong et al. （2013） also showed that N2O production could be 
the maximum at the ﬁrst week of incubation under similar experimental 
set up with the present study. The present study also showed the 
maximum N2O production in each soil during the ﬁrst week than the 
following weeks of incubation （Fig. 1）. Nitrification is the main 
process for N2O production at 60-80 % water holding capacity 
（WHC）, while denitrification is the major contributor at 90-100 % 
WHC （Inubushi et al. 1996; 1999）. In our study, nitrification is 
presumed to be the major contributor for N2O production; as WHC of 
the soil was set up at 60 % before incubation. The increase in N2O 
production after the application of DL （Fig. 1） also suggests the same 
as it was used as a source of NH4
+-N. The application of DL in the soil 
increased nitriﬁcation process, thus enhancing N2O production （Fig. 
1）. Organic materials, such as sewage sludge compost, animal manure, 
crop residues, municipal solid wastes, and compost has shown to 
enhance N2O emission （Jones et al. 2007; Hayakawa et al. 2009; 
Alotaibi and Schoenau 2013）. DL is also an organic fertilizer as it 
contains both organic and inorganic nitrogen （Watanabe et al. 2012）. 
In the present study, the most of the N in DL was inorganic N especially 
NH4
+-N （Table 1）. It indicates that nitrification along with 
denitrification could be the major responsible reasons rather than 
N-mineralization for high N2O production in DL applied soils 
（Akiyama et al. 2004）.
　Biochar, which is another organic material used in the present study, 
has been shown positive and negative impacts on N2O production in 
the previous studies （Yanai et al. 2007; Bruun et al. 2011; Zhang et al. 
2012a; Saarnio et al. 2013）. Biochar amendments in agricultural soils 
have shown to slow C and N release, which has been attributed to 
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Fig.3　 CH4 production potential pattern of various treated soil 
incubated under aerobic condition.
Fig.2　 CO2 production potential pattern of various treated soil 
incubated under aerobic condition.
affect microbial activity （Lehmann et al. 2003; Wardle et al. 2008）. 
There could be increase in N- mineralization after addition of a labile 
substrate like biochar to the soil （Zimmerman et al. 2011）. This 
mechanism generally involves growth of microbes that are adapted to 
respond quickly to newly available C sources, remineralizing soil 
nutrients and co-metabolizing more refractory organic matter in the soil 
（Kuzyakov 2010）. The effect of biochar on the mineralization depends 
on the production temperature: biochar produced at low temperatures 
（250-400 ℃） stimulate C mineralization whereas biochar produced at 
high temperature （525-650 ℃） suppress C mineralization in the soil 
（Saarnio et al. 2013）. Our study ﬁt in this conclusion as our biochar 
was produced at rather low temperature （330-370℃） and could be 
stimulating C mineralization, thus enhancing N2O production （Fig.1, 
Table 2）. Changes in the mineralization rate of organic matter in the 
soil, and the decomposition of fresh biochar itself may also affect N 
cycling in the soil. In contrast, Bruun et al. （2012） found that biochar 
from fast pyrolysis led to net immobilization of mineral N whereas 
biochar from slow pyrolysis （like in our study） led to net N 
mineralization. These could be the possible reasons for significantly 
increasing N2O production with the increase in biochar concentration 
（Table 2）.  The present study is in accordance to previous studies 
which observed increase in N2O production during the initial phase of 
incubation （Yanai et al. 2007; Bruun et al. 2011）. Slow release of C 
and N could be one of the probable reasons for higher N2O production 
during 14 and 21 days of incubation by following biochar application 
（Fig. 1）. Saarnio et al. （2013） observed the increase in N2O emission 
especially in the initial phase of the experiment while studying the 
effect of slow pyrolysis biochar on mesocosm bare soils. In contrast to 
the two applied treatments, the control soil produced the lowest amount 
of  N2O （Table 2） which was expected due to the absence of additional 
N.
CO2 production
　Our results for CO2 production （Fig. 2） is in close agreement with 
the study of Kong et al. （2013） which also observed the highest CO2 
production during the initial phase of the incubation, and it decreased 
with incubation time. Most of the laboratory and field incubation 
studies have often found an increase in CO2 evolution upon addition of 
biochar to the soil （Smith et al. 2010; Zimmerman 2010; Bruun et al. 
2011, 2012; Jones et al. 2012; Saarnio et al. 2013）. The possible reason 
for increasing CO2 production is assumed to be the increase in the soil 
respiration rate which has been attributed to microbial decomposition 
of labile components of the biochar （Smith et al. 2010） or potentially 
to an abiotic release of C （Zimmerman 2010）. Smith et al. （2010） 
described the increased CO2 release as the result of application of 
biochar which provides the soil microbes with labile C. Some 
researchers have suggested that biochar additions to the soil have the 
potential to induce a priming effect, causing an increase in the 
decomposition of resident soil organic matter. In a10-year buried bag 
incubation, Wardle et al. （2008） found little observable biochar 
degradation over the incubation period, but found that biochar appeared 
to stimulate the decomposition of the soil humus. 
　Biochar consists predominantly of recalcitrant conjugated aromatic 
structures, but aliphatic carbohydrate fractions may remain depending 
on pyrolysis type and settings （Lehmann et al., 2009; Bruun et al., 
2011）. Thus, the presence of C in biochar could be the responsible 
reason for increasing CO2 production in the present study （Fig. 2）, and 
also for the highest cumulative CO2 production which increased 
significantly in the higher concentration of biochar （Table 2）. 
Moreover, the presence of C has been found more important than N for 
accelerating CO2 production; as DL in the present study contained 
negligible fraction of C compared to biochar （Table 1）. It could be the 
reason for not getting any signiﬁcant difference between control and 
either concentration of DL treated soils （Fig. 2, Table 2）. Bruun et al. 
（2011） found that addition of N-rich biogas slurry did not increase 
CO2 production compared to control, and it increased with increase in 
biochar concentration which is in accordance with the present study. 
Previous studies and our study （Table 2） also show that CO2 
production is higher than N2O production under aerobic incubation 
（Bruun et al. 2011） or ﬁeld experiment （Saarnio et al. 2013）.
CH4 production and total GWP 
　CH4 production is the final process in the anoxic microbial 
degradation pathway in the soil which is favoured under waterlogged 
conditions such as paddy fields （Singla and Inubushi 2013b）. The 
incubation conditions were aerobic in the present study as WHC of the 
soil was set at 60 % which is supposed to favour aerobic conditions 
（Inubushi et al. 1996）. However, few anaerobic sites may still be 
generated in the aerobic soils. These are usually generated within the 
pellets （Cabrera et al. 1994）. All the bottles were opened once a week 
and then kept closed until next week. The oxygen （O2） in the bottles 
during this incubation might have been utilized, causing little CH4 
production. Another factor could be the anaerobic microsites generation 
as discussed above. At each opening of bottles, soils inside the bottle 
were kept undisturbed. This might favoured the more microsites 
generation especially in the bottom of the bottles. These anaerobic 
microsites could be responsible for increasing CH4 production up to 28 
days of incubation. However, it was not signiﬁcantly different in any 
treated soil （Table 2）. The contribution of CH4 production towards 
global warming was also negligible in each soil （Table 2）. Biochar, 
which is generally believed to enhance CH4 production under 
waterlogged conditions （Knoblauch et al. 2011; Zhang et al. 2012a; 
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Singla and Inubushi 2013a, b） was not found to increase CH4 
production in the present study. It could be due to the experimental set 
up which did not favour anaerobic condition; thus, preventing any 
signiﬁcant differences for CH4 production in either soil. Zhang et al. 
（2012b） also observed that biochar could behave differently under 
waterlogged conditions （Zhang et al. 2012a） and under aerobic 
conditions even it is prepared from same raw material at the same 
pyrolysis temperature.
　It is concluded that addition of biogas byproducts （digested liquid 
and biochar） increased nitrous oxide production potential of the soil 
under aerobic incubation. Biochar also increased carbon dioxide 
production; while it was not signiﬁcantly different between the control 
and digested liquid treated soils. Methane production was negligible in 
each soil. Cumulative global warming potential showed that carbon 
dioxide was the major contributor towards global warming and it was 
followed by nitrous oxide production in each incubated soil.
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